Abstract. Endothelial progenitor cells (EPCs) play important roles in maintaining endothelial integrity and tumor vascularization. However, the differentiation of EPCs in the neoangiogenesis of gliomas has not yet been fully elucidated. The purpose in this study was to investigate the profile of EPC differentiation in rat C6 glioma using magnetic resonance imaging (MRI), a non-invasive monitoring assay. To achieve this goal, we isolated EPCs from rat bone marrow and identified them by detecting CD34, CD133, and VEGFR-2, the markers of EPCs. Coexpression of Ac-LDL and UEA-1 in EPCs was also determined. To dynamically monitor the migration of circulating cells, the EPCs were labeled with ultrasmall superparamagnetic iron oxide (USPIO) and injected by tail vein into rats bearing C6 glioma. MRI was performed at 24, 48, and 96 h after injection. The distribution and differentiation of EPCs were confirmed by histology. We found that the USPIO-labeled EPCs appeared at the tumor periphery where a large number of CD105-positive cells appeared at 24 h after injection by using MRI scanning. Ninety-six hours after injection, immunohistochemistry and Prussian blue staining were used to observe the labeled EPCs in the tumor tissue. We found that many of the labeled EPCs were overlapped with VEGFR-2-positive endothelial cells, but not CD105-or CD34-positive cells. These results suggest that EPCs can cross the blood-brain barrier from peripheral blood and home to tumors, where they differentiate into endothelial cells, including VEGFR-2-positive endothelial cells. MRI is a useful method for dynamically tracking the migration of USPIO-labeled EPCs.
Introduction
Endothelial progenitor cells (EPCs) are the precursor cells of vascular endothelial cells. The specific surface marker of EPCs for identification is CD133, which is a subpopulation of CD34 + hematopoietic stem cells. In 1997, EPCs were first isolated from human peripheral blood (1) . Since then, strong evidence has been found concerning EPCs in bone marrow, cord blood, and peripheral blood (2) (3) (4) (5) . EPCs can adhere to the endothelium at the zones of ischemic or hypoxic tissue to repair vascular intima and participate in new vessel formation, suggesting that EPCs play an important role in maintaining endothelial integrity and tumor vascularization (6) (7) (8) (9) (10) (11) (12) . EPCs can home to tumor tissues for tumor vascularization, which depends on stimuli from the target tissue and the ability of the resident bone marrow population to respond (13, 14) . Recently it was reported that EPCs are increasingly mobilized in patients with malignant gliomas, and their levels correlate with tumor angiogenic activity (15) . Due to the association with tumors, EPCs are considered as a gene carrier/delivery system for glioma therapy as well as imaging probes (16) . However, the role of EPCs in the neoangiogenesis of gliomas has not yet been fully elucidated. Recently, Corsini et al found that there was no relationship between VEGF plasma levels and EPCs in glioma patients (17) . Soda et al reported that EPCs mobilized from bone marrow could initiate angiogenesis through release of paracrine factors rather than structurally incorporating into the vessel wall (18) . We wished to elucidate the cell type that EPCs differentiate to in tumor tissue. To achieve this goal, we isolated EPCs from rat bone marrow and identified them by detecting markers of EPCs. The EPCs were labeled with ultrasmall superparamagnetic iron oxide (USPIO) and were injected by the tail vein into rats with brain C6 glioma. Magnetic resonance imaging (MRI) was performed to dynamically track EPC migration. The distribution and differentiation of the EPCs were confirmed by histology. The reagents and instruments were as follows: USPIO (Guerbet, France); EGM-2 medium (Lonza, Switzerland); rabbit polyclonal anti-CD133 (ab16518) and mouse monoclonal anti-VEGFR-2 (ab9530) (Abcam, England); mouse monoclonal anti-CD105 (Millipore, Germany); mouse monoclonal anti-CD34 (Santa Cruz, USA); Dil-labeled acetylated low density lipoprotein (Dil-Ac-LDL; Invitrogen, USA); FITClabeled Ulex europaeus agglutinin 1 (FITC-UEA-1; Sigma, USA); poly-l-lysine (PLL; Sigma, USA); 3.0 T Signa hDxt MR system (GE healthcare, Milwaukee, WI, USA) and lymphocyte separation medium (TBD, China).
Circulating endothelial progenitor cells are involved in VEGFR-2-related endothelial differentiation in glioma
Cell culture and identification. The cells, extracted from rat bone marrow by density centrifugation with lymphocyte separation medium, were cultured in EGM-2 medium at 37˚C, in a 95% air, 5% CO 2 atmosphere. The culture medium was replaced every 4 days. after a 14-day culture, the secondary generation cells were identified for EPCs by immunohistochemical and immunofluorescent staining with the surface markers CD133, CD34 and VEGFR-2.
Labeling of EPCs with USPIO. USPIO and PLL (used as a transfection agent) were mixed in a tube containing serumfree EGM-2 medium and were then incubated for 60 min at room temperature (19) . The final concentrations of USPIO and PLL were 25 and 0.5 µg/ml, respectively. The USPIO-PLL mixture was added directly to the cells, and the samples were incubated for 1, 3 and 5 days, respectively.
Staining for intracellular iron. after incubation with USPIO-PLL, the Prussian blue (PB) assay was used for the detection of iron particles in the cells. after washing and fixation, the labeled cells were stained for the presence of intracellular iron with freshly prepared Pearls' reagent solution (mixture of equal volumes of 2% potassium ferrocyanate and 6% hydrochloric acid) for 30 min. After washing three times with distilled water, the cells were counterstained with nuclear Fast Red at room temperature for 5 min.
Cell viability. The MTT assay was used for detecting cell viability. The absorbance of the formazan product was then measured at a wavelength of 490 nm. before the MTT assay, the labeled and unlabeled EPCs were exposed to 0.4% trypan blue dye, and the ratio of non-stained viable cells was calculated.
In vitro MRI of the labeled EPCs. A 0.4-ml aliquot of 1% agarose was added into a 0.5-ml EP tube. After digestion with trypsin, the cells were rapidly mixed with 100 µl of an 8% gelatin solution at concentrations of 2x10 6 , 1x10 6 , 5x10 5 and 2.5x10 5 cells/ml at 37˚C, and then added into the EP tubes. To avoid susceptibility artifacts from the surrounding air, all tubes were placed in water after cooling. The clinical 3.0 T MR scanner and the laboratory coil for animals were used to detect the signal of the labeled EPCs. Multi-echo spin-echo sequence (T2 map) (TR/TE = 2000/8.3, 16.6, 24.9, 33.2, 41.5, 49.8, 58.1, 66.5 msec, band width = 41.7 khz, FOV = 9 cm x 9 cm, slice thickness = 1 mm) and multi-gradient-echo sequence (T2* map) (TR = 120 msec, TE = 2.7, 7.1, 11.5, 15.9, 20.3, 24.7, 29.1, 33.5 msec, band width = 31.25 khz, flip angle = 30˚, FOV = 9 cm x 9 cm, slice thickness = 1 mm) were used. The correlation between the concentrations of the labeled cells and the R2/R2 * values was compared.
Animal model. C6 cells (Institute of biochemistry and Cell
Biology, SIBS, CAS) were incubated in DMEM supplemented with 10% fetal bovine serum at 37˚C, in 5% CO 2 . For implantation, C6 cells were trypsinized and resuspended at a concentration of 1x10 7 cells/ml. The head of the rat was fixed on a stereotactic apparatus after being anaesthetized with 10% chloral hydrate (0.3 ml/100 g). It was ensured that the anterior fontanelle and the andalusite occipital fontanelle of the rat were in the same plane. The coordinates used for the injection site were 1 mm from the anterior arcuate suture, 3 mm to the right of the sagittalis suture, and 5 mm deep. A 10 µl amount of the cell suspensions was injected into the brain with a speed of 1 µl/min.
Implantation of the labeled EPCs.
Seven days after C6 cell injection, all of the rats were scanned with plain and contrastenhanced (Gd-DTPA, 0.1 mg/kg) MRI. This allowed assessment of glioma tumor size. When the tumors were ~3 to 5 mm, the USPIO-labeled EPCs were injected into the tail vein. Before tail vein injection, the USPIO-PLL labeled EPCs were collected, washed twice with sterile phosphate-buffered saline (PBS), resuspended at a concentration of 5x10 6 cells/ml with serum-free EbM-2 culture medium. Tumor-bearing rats were randomly divided into two groups and intravenously injected with labeled cells (n=10) or non-labeled cells (n=4), respectively. Each rat was injected by the tail vein with 1 ml of the cell suspensions.
In vivo MRI experiments. The rats were anaesthetized with 10% chloral hydrate (0.3 ml/100 g) and scanned with MRI at different time points (1, 2, 4 and 7 days after EPC injection). MRI images were obtained using a 3.0-Tesla MRI system, with an animal coil (inner diameter = 3 inch). axial images over the head were acquired with an 8.0-cm-square field of view (FOV), and a 2.5-mm slice thickness. Scans were performed using fast spin echo T2-weighted (TR = 2000 msec, TE = 46 msec), T1-weighted (TR = 400 msec, TE = 9.5 msec), and T2 * map (TR = 120 msec, TE = 2.8-35.4 msec) sequences.
Histological analysis. after the in vivo MRI experiments, the brain tissues (including the tumor) were fixed with 4% paraform, and then embedded in paraffin. Coronal sections (5 µm) were processed for Prussian blue staining and immunohistochemistry using standard procedures. The sections were incubated with the primary antibody overnight at 4˚C. negative controls were performed by substituting the primary antibody with PbS. The primary antibodies used in this study included mouse anti-CD105, anti-CD34, and kDR1 (VEGF receptor 2) antibody.
Immunofluorescence staining. The EPCs seeded on coverslips were fixed with 4% paraformaldehyde, permeabilized in 0.1% Triton X-100, blocked by 1% BSA, and stained with the indicated primary antibodies followed by fluorescent secondary antibodies. Negative controls were performed by substituting the primary antibody with PbS. Nuclei were counterstained with DAPI (Sigma).
Statistical analysis. The data are presented as mean ± SD. Statistical significance of the results was analyzed using the χ 2 test and analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Results

Preparation and identification of EPCs.
The cells were isolated from rat bone marrow and cultured in EGM-2 medium. after 14 days, they were passaged to the second generation and identified with EPC markers: VEGFR-2, CD133 and CD34. We found that most of the EPCs revealed positive immunoreactivity for VEGFR-2 (Fig. 1B), CD133 (Fig. 1C) and CD34 (Fig. 1D) antibody, respectively. Dil-c-LDL (Fig. 1E, red) , an endothelial marker, was detected to co-localized with UEA-1 (Fig. 1F, green) in the EPCs. These results suggest that we successfully obtained EPCs.
Labeling of EPCs with UPSIO and evaluation of the viability.
In the magnetically labeled EPCs, we found a large number of blue particles in the cytoplasm (Fig. 2B) . The labeling efficiencies were increased along with the prolongation of culture time. No blue particle was observed in the control cells (non-labeled cells, Fig. 2A ). There was no significant change in cell viability as detected by trypan blue dye exclusion assay. The viability of both the labeled and non-labeled cells was >95%. The MTT assay showed that there was no significant difference in cell proliferation between the two groups (data not shown). These results suggest that the magnetic marker USPIO had no effect on the cell vitality.
In vitro MRI of the USPIO-labeled EPCs. The relationship between the concentration of the USPIO-labeled cells and the R2/R2
* values on the T2 and T2 * map sequences is shown in Fig. 2C -E. The results indicated that the relaxation time on the T2 * map was significantly lower than that on the T2 map for the same cell concentration (Fig. 2C) . A linear correlation was found between the cell concentrations and the R2 or R2 * values. The linear slope corresponding to the effects of R2 and R2 * was 3.186x10 -4 and 11.409x10 -4 , respectively ( Fig. 2D and E) . The effects of R2 * were significantly larger than those of R2.
MR tracks the migration of the USPIO-labeled EPCs into the tumor periphery.
Five days after the implantation of the C6 cells into the right basal ganglia, MRI was performed using T1-weighted, T2-weighted, Gd-DTPA enhanced scanning, and the additional T2 * map sequence. We found small, well-circumscribed, point-or nodule-like lesions in the right basal ganglia in 9 rats among the 14 surviving rats, but 5 rats Figure 1 . Identification of EPCs. The cells, isolated from rat bone marrow, were passaged to the second generation and identified using anti-VEGFR-2 (B), anti-CD133 (C) and anti-CD34 (D) antibodies. The negative control for the immunohistochemistry assay was performed by replacing the primary antibodies with PBS (A). DiL-Ac-LDL (E, red), an endothelial marker, was double labeled with FITC-tagged UEA-1 (F, green). The merged images of (E) and (F) was presented in (G). Scale bar, 50 µm. had no obvious lesions (Fig. 3B) . These signals suggest the formation of a solid tumor. Due to the fact that the rat brain injuries induced by tumor implantation did not have enough time to heal (in a 5-day period), the line-like signals in most of the rat brains on the T2 * map suggest the passage of the needle (Fig. 3C, indicated by the arrow) .
Seven days after the implantation of the C6 cells, the labeled and unlabeled EPCs were intravenously injected into the rats through the tail vein. Twenty-four hours later, the rats were scanned at the indicated time points (Fig. 3D-L) . The MRI results showed that the solid part appeared as a hyperintense signal on Gd-enhanced T1-weighted image at 24 h after the injection of the labeled cells (Fig. 3D) . A low-intensity signal at the tumor periphery appeared on both the T2-weighted image and the T2 * map (Fig. 3E and F) , which was different from the passage of the needle in Fig. 4C . MR tracking at different time points demonstrated that the migration of the labeled EPCs into the tumor periphery appeared as a low signal intensity on both the T2-weighted and T2 * map, especially on the T2 * map. For the control group, a low signal was observed in the right basal ganglia where the needle had been inserted, and then the signal gradually faded away on the T2 * map sequence (Fig. 3M-O) . no significant difference was found between the signals from before and after the injection of the non-labeled EPCs. were processed for Prussian blue staining and immunohistochemistry. Corresponding to the low signal areas at the margin of tumors in the MRI image (Fig. 4A) , iron-positive cells appeared in this region ( Fig. 4C and D) , suggesting that the UPSIO-labeled EPCs might home to the tumor. The solid tumor tissue was verified by h&E staining (Fig. 4B) . The consecutive sections of the paraffin-embedded tumor tissues were stained for EPCs using anti-CD105, anti-VEGFR-2 and anti-CD34. The results revealed that there were a large number of CD105-positive cells in the tumor tissues, particularly in the peripheral zone of the tumors (Fig. 4E and F) , where many iron particles accumulated. A few CD34-positive cells were dispersed in the tumor tissue ( Fig. 4G-I ). More importantly, we found that some iron particles appeared in the VEGFR-2-positive cells when double labeled with Prussian blue and VEGFR-2 ( Fig. 5E and F) , but not CD105- (Fig. 5A and B) or CD34-positive cells ( Fig. 5C and D) . These results suggest that the USPIO-labeled EPCs were specifically transformed into VEGFR2-related endothelial cells in the tumors.
USPIO-labeled EPCs
Discussion
EPCs refer to multiple cell types that differentiate into the endothelial lineage and express CD34, VEGFR-2 and CD133 on their surface. It has been widely accepted that EPCs can phagocytize acetylated-LDL and bind to lectin (UEA-1) (20, 21) . The uptake of Dil-Ac-LDL is an assessment of differentiated EPCs.
In the present study, we found that the cells isolated from rat bone marrow not only expressed CD34, CD133 and VEGFR-2, but also co-expressed Ac-LDL and UEA-1, suggesting that we successfully isolated EPCs, which therefore provide a cytological basis for the further study of cell transplantation.
With histological staining, we verified that the USPIO-labeled EPCs were recruited to the tumor periphery on day 4-7 after EPC administration. In fact, the peripheral zone of the tumors, where the iron-positive cells were detected by histological analysis, corresponded to the hypointense regions on the T2 * map on the MRI images. The hypointense regions were also observed in the gliomas implanted intracranially and subcutaneously, where the magnetically labeled CD133 the tumor periphery, but not in the normal brain tissues, by MRI and histological analysis, suggesting that EPCs can home to tumors from peripheral circulating blood across the blood-brain barrier. The USPIO particles gradually dispersed into the tumor tissue from the peripheral zone along with increasing time. The profiles of the MRI images were specific for the USPIO particles, which contrasted with the images of the tumors in animals that received the unlabeled cells.
CD133, an early hematopoietic stem marker, was used as one of the surface markers for EPCs. Both CD34 and CD133 are expressed on immature cells. Mature EPCs lose CD133 during differentiation. Therefore, CD133 + CD34 + EPCs are not precursors to early outgrowth EPCs (23) . CD105, also termed as endoglin, is induced by hypoxia and expressed as a large population in the endothelial cells in tumors. This specific feature has made CD105 a crucial target for anticancer therapies. Our data showed that there was large number of CD105 + cells in the tumor tissues, particularly in the peripheral zone of tumors, which is consistent with the findings reported by Li et al (24) . however, only a few CD34 + cells were dispersed in the tumor tissues, and few presented in vessel-like shape. Most importantly, the VEGFR-2 + cells appeared in clusters and overlapped with the iron staining. The VEGFR-2-expressing cells can act as endothelial CFU precursors and may represent a more differentiated endothelial precursor (23) . These findings indicate that the USPIO-labeled EPCs differentiated into endothelial cells and incorporated into the neovasculature of the tumors. In addition, glioma stem cells may trans-differentiate into EPCs when glioma cells suffer genetic aberrations (25) .
MRI can detect the incorporation of magnetically labeled bone marrow-derived precursor cells (9) and cord blood-derived aC133 + EPCs (26) into tumor vasculature. The bio-distribution of iron oxide-labeled human mesenchymal stem cells and fetal neural stem cells in glioblastoma has also been evalu- ated by high resolution and contrast-enhanced MRI (27) . The distribution and retention of labeled EPCs in different organs were observed using the SPECT imaging method, in which it was initially found that cell migration was observed in the lung after vein injection (28) . In the present study, we used an ultra-high-field MRI (3.0 T) and the T2 * map sequence to examine the signals in tumor-bearing rats. We found that the migration and incorporation of the USPIO-labeled EPCs into the tumor neovasculature were detected as a low-intensity MRI signal at the tumor periphery, as early as 24 h after EPC administration in the preformed tumors. It was observed more clearly in the T2 * map. In the in vitro study, we also found that the T2 * map was more sensitive than the T2 map. This means that the T2 * map may more sensitively reflect the signal changes between different concentrations of the labeled cells.
The present study demonstrated that EPCs are able to cross the blood-brain barrier from peripheral blood and home to tumors, where they differentiate into endothelial cells, including VEGFR-2-related endothelial cells.
